Differentiation of sympathetic neurons is controlled by a group of transcription factors, including Phox2b, Ascl1, Hand2 and Gata3, induced by bone morphogenetic proteins (BMPs) in progenitors located in ganglion primordia at the dorsal aorta. Here, we address the function of the transcription factors AP-2β and AP-2α, expressed in migrating neural crest cells (NCC) and maintained in sympathetic progenitors and differentiated neurons. The elimination of both AP-2α and AP-2β results in the virtually complete absence of sympathetic and sensory ganglia due to apoptotic cell death of migrating NCC. In the AP-2β knockout only sympathetic ganglia (SG) are targeted, leading to a reduction in ganglion size by about 40%, which is also caused by apoptotic death of neural crest progenitors. The conditional double knockout of AP-2α and AP-2β in sympathetic progenitors and differentiated noradrenergic neurons results in a further decrease in neuron number, leading eventually to small sympathetic ganglion rudiments postnatally. The elimination of AP-2β also leads to the complete absence of noradrenergic neurons of the Locus coeruleus (LC). Whereas AP-2α/β transcription factors are in vivo not required for the onset or maintenance of noradrenergic differentiation, their essential survival functions are demonstrated for sympathetic progenitors and noradrenergic neurons.
Introduction
The importance of local signals for the generation of differentiated neural crest derivatives is well documented for autonomic neurons, which are induced to differentiate under the influence of BMPs produced in the environment of sympathetic and parasympathetic ganglia (Morikawa et al., 2009; Müller and Rohrer, 2002; Schneider et al., 1999) . BMPs induce the expression of a regulatory network of transcription factors, which subsequently controls the expression of generic and subtype-specific genes (Goridis and Rohrer, 2002; Huber, 2006; Howard, 2005) . The different combination of transcription factors induced by BMPs in sympathetic and parasympathetic neurons is thought to be responsible, at least in part, for the later differentiation to either noradrenergic sympathetic or cholinergic parasympathetic neurons (Müller and Rohrer, 2002) . The diverse pattern of BMP target genes induced in primordia of sympathetic and parasympathetic ganglia also implies different prespecification of neural crest progenitors at these locations. Indeed, cell lineage analyses have indicated that specification of distinct sublineages may occur during neural crest migration and considerably precedes the initial expression of subtype-specific genes (Frank and Sanes, 1991; Henion and Weston, 1997) . More recently, evidence has been provided for a prespecification of early emigrating NCC toward a neuronal fate, as compared to late emigrating NCC with a non-neuronal fate (Krispin et al., 2010) .
In a screen for genes differentially expressed in developing sympathetic and parasympathetic ciliary ganglia (CG) we found the transcription factor AP-2β selectively expressed in SG (Stubbusch and Rohrer, unpublished) . AP-2β represented a promising candidate for a sympathetic neuron prespecification gene as members of the AP-2 (tcfap2) transcription factor family have been implicated in the initial specification of various neural crest lineages (Arduini et al., 2009; Barrallo-Gimeno et al., 2004; Knight et al., 2003) .
The AP-2 family of transcription factors consists of 5 members in higher vertebrates (AP-2α, AP-2β, AP-2γ, AP-2δ and AP-2ε in man and mouse), 3 members in chick (AP-2α, AP-2β, AP-2δ) and 4 members in zebrafish (AP-2α, AP-2β, AP-2γ and AP-2ε) (Eckert et al., 2005) . AP-2α, AP-2β and AP-2γ are co-expressed in mouse neural crest, with a very transient expression of AP-2γ (Chazaud et al., 1996; Eckert et al., 2005) and a downregulation of AP-2α in SG and adrenal medulla (Moser et al., 1997b; Zhao et al., 2003) . The elimination of AP-2α and AP-2β in the mouse results in different phenotypes, with major effects of the AP-2α knockout on cranial neural crest and its derivatives Developmental Biology 355 (2011) 
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Developmental Biology j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / d e v e l o p m e n t a l b i o l o g y (Schorle et al., 1996; Zhang et al., 1996) but no effects on sympathetic and trunk sensory dorsal root ganglia (DRG) . AP-2β KO mice showed impaired development of kidney, SG, chromaffin cells and noradrenergic LC neurons (Hong et al., 2008 (Hong et al., , 2011 Moser et al., 1997a) . The role of AP-2 factors in the development of neural crest derivatives has been studied in most detail by genetic approaches in zebrafish (Arduini et al., 2009; Barrallo-Gimeno et al., 2004; Holzschuh et al., 2003; Knight et al., 2003 Knight et al., , 2005 O'Brien et al., 2004) . The loss of AP-2α results in the absence of noradrenergic sympathetic and LC neurons, massively reduced numbers of enteric neurons and reduced sensory DRG size. The cell-autonomous effects of AP-2α in NCC were attributed to apoptotic cell death during migration due to impaired specification (Arduini et al., 2009; Barrallo-Gimeno et al., 2004; Knight et al., 2003 Knight et al., , 2005 . As AP-2α is the only member of the AP-2 family permanently expressed in zebrafish trunk neural crest, these studies suggest that the various functions of zebrafish AP-2α may be performed in higher vertebrates by individual actions of AP-2β and AP-2α. However, the specific contributions of AP-2α and AP-2β to sympathetic neuron development, their interaction, mechanism and timing of function are not understood. In particular, it is unclear whether AP-2β affects early specification and survival of neural crest progenitors as implied by the zebrafish studies or terminal differentiation of noradrenergic neurons as indicated by the in vitro effects of AP-2α and AP-2β at the TH and DBH promotor (Greco et al., 1995; Kim et al., 2001) .
To address these issues, we have analyzed the effects of AP-2α and AP-2β single and double knockouts and of conditional AP-2α knockouts in the sympathetic neuron lineage. AP-2β elimination selectively affects the generation of about 40% of sympathetic ganglion neurons, whereas in the AP-2 dKO mutant, analyzed for the first time, both sympathetic and sensory ganglia are virtually absent. Both effects are due to increased apoptosis of migrating neural crest progenitors. The conditional elimination of AP-2α in AP-2β-deficient sympathetic neurons (AP-2β KO /AP-2α cKO ) leads to a further increase in neuron death as compared to the AP-2β KO . Noradrenergic differentiation as compared to the expression of generic markers was not preferentially targeted in the AP-2β knockout or AP-2β KO /AP-2α cKO . These findings demonstrate in vivo a major function for AP-2β and AP-2α in the survival rather than differentiation of the sympathetic lineage.
Materials and methods
Animals, Tissue fixation and sectioning AP-2β +/− /AP-2α fl/fl mice (Brewer et al., 2004; Moser et al., 1997a) , AP-2α +/ki7lacZ (designated as AP-2α +/− ), AP-2α ki7lacZ/ki7lacZ (designated as AP-2α KO ) (Brewer et al., 2002 (Brewer et al., , 2004 , Ascl1Cre mice (Battiste et al., 2007; Helms et al., 2005) and DBHiCre mice (Stanke et al., 2006) have been described previously. AP-2β KO /AP-2α Ascl1Cre mice were obtained by crossing AP-2β +/− /AP-2α fl/+Ascl1Cre and AP-2β +/− /AP-2α fl/+ mice, AP-2β KO /AP-2α DBHiCre mice by mating AP-2β +/− /AP-2α fl/+DBHiCre to AP-2β +/− /AP-2α fl/+ mice. Embryonic AP-2 mutants were rescued by noradrenalin agonists (Tsarovina et al., 2004) . Embryos obtained at E9.5-E13.5 and at E14.5-E16.5 were fixed with 4% paraformaldehyde in 0.1 M sodium phosphate buffer for 3 h and 6 h, respectively, cryoprotected in 30% sucrose, frozen, sectioned and analyzed for gene expression.
In situ hybridization
Non-radioactive in situ hybridization on cryosections and preparation of digoxigenin labelled probes for mouse AP-2β, AP-2α, Phox2b, TH, DBH, SCG10, Hand2, Phox2a, Gata3, for rat Sox10 and for chick TH, DBH, SCG10, AP-2β, Phox2b, RT, Hand2 was carried out as described previously (Ernsberger et al., 1997; Stanke et al., 1999) .
Proliferation-and TUNEL-analysis
Cryosections were analyzed for Ki67 + cells . TUNEL + cells were detected on cryosections using the Click-iT® TUNEL Alexa Fluor®488 Imaging Assay (Invitrogen). To recognize migrating NCC Sox10 in situ hybridization were performed on consecutive sections. SG were identified by staining with mouse anti-Tuj1 and Alexa488 anti-mouse after the TUNEL procedure. TUNEL + cells were counted and numbers related to the Sox10 + and Phox2b + area, respectively. At least 3 embryos were analyzed for each stage. The results are given as mean ± s.e.m. and were statistically analyzed with unpaired two-tailed Student's t-test.
Immunostaining 12 μm cryosections were treated with 10 mM sodium citrate buffer (pH 6.0; boiling for 5-6 min) for antigen retrieval, blocked with PBS containing 10% fetal calf serum, 1% bovine serum albumin and 0.2% Triton X-100 and incubated with primary antibodies overnight at 4°C. Nuclei were stained by DAPI (1 μg/ml). Primary antibodies: mouse anti-AP-2α (3B5), 1:10 (developed by T. Williams, Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA, USA); rabbit anti-AP-2β, 1:300 (Santa Cruz, Biotechnology, Santa Cruz, USA); guinea pig anti-Sox10 at 1:1000 (Potzner et al., 2010) ; rabbit anti-Phox2b 1:1000 (Pattyn et al., 1997) . Secondary antibodies labeled either with fluorescein isothiocyanate (Dianova, Hamburg, Deutschland) or Alexa488/594 (Molecular Probes, Leiden, Netherlands) were used. Data of cell counts ( Fig. 1 and Fig. S4 ) are presented as mean ± s.e.m. and were statistically analyzed with unpaired two tailed Student's t-test.
Semiquantitative RT-PCR analysis
Superior cervical ganglia (SCG) and stellate ganglia (STG) were dissected and cDNA was synthesized from total RNA using the M-MLV Reverse Transcriptase Kit (Invitrogen). For detection of AP-2α and GAPDH mRNA levels, the following primer combinations and the Taq Polymerase Kit (Invitrogen) for PCR reaction were used: AP-2α, 5′-CCC AAG CCA TAG CTC GAG ACT C-3′ and 5′GAA GTC ACA GAT TTG GGA GGG A-3′; GAPDH, 5′-CTA-GGC-CCC-TCC-TGT-TAT-3′ and 5′-TAC CCC-CAA-TGT-GTC-CGT-3′. For AP-2α PCR, 45 cycles and for GAPDH PCR, 20 cycles of 1 min at 95°C, 1 min at 64°C and 1 min at 72°C were performed. In all experiments, amplification of GAPDH was run in parallel to normalize the different samples. At least 2 animals were analyzed in triplicate.
Postnatal mouse sympathetic neuron cultures SCG, STG were dissected from AP-2α Ascl1Cre , AP-2β KO /AP-2α Ascl1Cre and control mice. Single cell suspensions were obtained by enzymatic and mechanical dissociation and cultured as described . Glia-free sympathetic neuron cultures were generated by the addition of 1 μM of cytosine β-D-arabinofuranoside (Ara-C) (Sigma). To isolate DNA, neuronal cells were harvested and pelleted. The pellet and tail tip DNA was isolated after proteinase K (Sigma) digestion and genotyped for the AP-2αfloxed allele as described (Brewer et al., 2004) .
Construction of plasmid transgenes and virus concentrate
For construction of chick RCAS-BP(B)-AP-2β, PCR technology was used to insert a Kozak sequence linked to a SpeI flanking site, followed by the coding sequence of chick AP-2β, a myc tag and a ClaI flanking site. The avain retrovirus vector RCAS-BP(B)-SNC was used .
In vivo expression of transgenes using retroviral replication-competent avian Rous sarcoma (RCAS) vectors
Virus concentrate was applied in ovo into the cranial neural tube of 4-7 somite embryos for CG infections and onto the neural plate of 5-10 somite embryos for SG infections (Perez et al., 1999; Rüdiger et al., 2009 ). E5, E6 and E8 embryos were fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3), cryoprotected in 15% (w/v) sucrose and frozen. Cryostat sections were collected from the region including the cranial CG as well as the trunk SG and analyzed for expression of reverse transcriptase (RT), TH, DBH, Phox2b and Hand2.
Morphometric analysis
For mouse embryos the area of AP-2α, AP-2β, Phox2b, TH, DBH, SCG10, Hand2, GATA3 expression, for chick embryos TH, DBH, Hand2 expression in thoracic SG and the Phox2a, TH, DBH area in the LC were imaged using a Zeiss Axiophot 2 microscope and a Visitron systems spot RT3 camera. The areas were quantified morphometrically using the MetaVue (version 7.1.3.0) imaging system. The measured area was manually thresholded and determined in ×10 −3 mm 2 /section (Tsarovina et al., 2004; Lucas et al., 2006) .
For chick CG TH + , DBH + , Hand2 + cells were counted and numbers related to the Phox2b + area quantified morphometrically. At least 3 embryos were analyzed for each stage. Results are given as mean area per section ± s.e.m. For statistical analysis unpaired two-tailed Student's t-test was used.
Results

AP-2α and AP-2β are expressed in migrating neural crest cells and developing sympathetic ganglia
To provide a framework for the functional analysis, the expression of AP-2α and AP-2β was studied in mouse neural crest and developing peripheral nervous system (PNS) between E9.5 and E16.5, focusing on the trunk region. AP-2α and AP-2β are co-expressed in N90% of Sox10 + migrating NCC ( Fig. 1B -E, X, Y). About 5% cells express only AP-2β and are devoid of AP-2α immunoreactivity and vice versa. The presence of few AP-2β -/Sox10 + and AP-2α -/Sox10 + NCC ( Fig. 1U -W, Y) may be explained by a later onset or transient AP-2α/β expression.
SG are first detectable in the trunk region at E10.5 and ganglion cells co-express AP-2α and AP-2β protein ( Fig. 1F -J). This finding was confirmed at the RNA level by in situ hybridization (Figs. S1B, D and G). The similar size of the expression areas for AP-2α, AP-2β and the pan-neuronal marker SCG10 (Figs. S1B, D and F) suggest, in addition, that AP-2α and AP-2β genes are co-expressed in SG neurons at this stage. AP-2β was expressed up to E16.5 ( Fig. 1N and S; Figs. S1B' and B'', the latest stage analyzed) whereas the AP-2α expression level rapidly declined below the sensitivity of immunostaining ( Fig. 1M and R) and in situ hybridization (Figs. S1D' and D") at E13.5. Using RT-PCR, AP-2α transcripts were detectable at E 16.5 but not at E 18.5 (Fig. 1Z ). These findings confirm and extend previously described patterns of AP-2α (Mitchell et al., 1991) and AP-2β (Moser et al., 1997b) expression, excluding the presence of sympathetic neuron subpopulations with selective AP-2α or AP-2β expression. (Z) Analysis of AP-2α and GAPDH expression in E12.5, E13.5, E16.5 and E18.5 SG (SCG and STG) by semiquantitative RT-PCR (n = 2). AP-2α expression was readily observed at E12.5, but thereafter decreased and was no longer apparent at E18.5.
These results suggest redundant functions of AP-2α and AP-2β. Thus, to address the relevance of these factors for sympathetic neuron development we first analyzed embryos where both AP-2α and AP-2β have been eliminated.
The combined elimination of AP-2α and AP-2β results in the virtually complete lack of sensory and sympathetic ganglia AP-2 dKO mouse embryos displayed a virtually complete lack of SG at E10.5 ( Fig. 2A-E', J) . Only rudimentary ganglia were present with very few cells expressing noradrenergic genes (TH, DBH), the autonomic nervous system marker Phox2b or the pan-neuronal gene SCG10. Also the population of Sox10 + neural crest progenitor and/or glial cells was massively reduced ( Fig. 2E , E' and J). Thus, neural crest progenitors and differentiated sympathetic neurons are massively reduced in the AP-2 dKO mutant mice. The elimination of the transcription factors Ascl-1 and Insm1 results in a delay in sympathetic neuron differentiation (Pattyn et al., 2006; Wildner et al., 2008) rather than a permanent differentiation block and cell loss, which is explained by a transient dependence on these factors. As SG size did not recover at E13.5 in the AP-2 dKO (Fig. 2F -I', K), it is concluded that the absence of AP-2α and AP-2β produces a permanent reduction of ganglion size.
The magnitude of the effect raised the question whether it is restricted to developing sympathetic neurons or whether sensory neurons are also affected by the absence of AP-2 transcription factors. The fact that both AP-2α and AP-2β are expressed in sensory neurons at E10.5 supported this hypothesis (Figs. S1A and C). Indeed, sensory DRG were virtually absent as revealed by staining for SCG10 and NF68 on sections of E10.5 and E13.5 embryos ( Fig. 2L-N; NF68 not shown). The effects on both DRG and SG development, previously observed upon elimination of AP-2α in zebrafish lockjaw and montblanc mutants (Barrallo-Gimeno et al., 2004; Holzschuh et al., 2003; Knight et al., 2003) , support the notion that the different functions of zebrafish AP-2α are fulfilled in the mouse by the combined or synergistic actions of AP-2α and AP-2β. These findings obtained in the first analysis of AP-2 dKO mice raised two major questions: what are the individual roles of mouse AP-2α and AP-2β and what are the cellular and molecular mechanisms that underlie the lack of sensory and sympathetic ganglia in the absence of AP-2α and AP-2β. To investigate the specific functions of AP-2α and AP-2β, sympathetic and sensory neuron development was analyzed in the single knockouts.
AP-2β elimination results in a selective reduction of sympathetic ganglion size
In AP-2β deficient embryos SG showed a parallel reduction in the expression of all genes investigated, i.e. Phox2b, Hand2, Gata3, TH, DBH and SCG10 (Fig. 3A-U) . Thus, AP-2β elimination results in a general decrease in ganglion size and sympathetic neuron number already at E10.5 ( Fig. 3A-F', S) , when primary SG have just formed. This reduction by about 40% of ganglion size is maintained during development at least up to E16.5 although the ganglion size increases about 20-fold during this period ( Fig. 3G-R', T and U) . Cell death and sympathetic neuron proliferation are not altered at E10.5 and E13.5 as compared to control embryos (Fig. S2) . Whereas SG displayed a reduced size, DRG were not affected in the AP-2β knockout (Fig. 3V-Y) .
These results raised the question whether the sensory DRG neurons and the population of sympathetic neurons still present in the AP-2β knockout are maintained by AP-2α. Both ganglia were completely normal in AP-2α KO embryos up to E13.5 (Fig. S3 ), which implies that the presence of either AP-2α or AP-2β is sufficient for the development of sensory DRG and of about 60% of sympathetic neurons, while the remaining 40% depend selectively on AP-2β.
The effects of AP-2β elimination and of the combined knockout of AP-2α and AP-2β have reached maximal levels already at the time of SG formation (E10.5), which suggests a function for AP-2α/β at earlier developmental stages, i.e., during neural crest migration.
Apoptosis of migrating neural crest cells is induced by the AP-2β KO and the AP-2 dKO
The reduced size of sympathetic and sensory ganglia in the AP-2β ΚΟ and AP-2 dKO mutants may be explained by impaired neural crest Fig. 3 . The AP-2β single knockout only targets the development of sympathetic ganglia. The SG size is reduced in E10.5, E13.5 and E16.5 AP-2β KO mice (grey arrowheads) compared to controls (black arrowheads) as reflected by the reduced expression areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 (A-R'). The DRG size was not affected in AP-2β KO mutant mice (grey arrowheads) as reflected by the expression areas of SCG10 (V-X'). The areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 between E10.5 and E16.5 are quantified for SG in (S, T, U) and for SCG10 in the DRG in (Y). SG size values were significantly different compared to controls, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (at least three embryos were analyzed, except for E13.5 Gata3 and Hand2 expression, n = 2). DRG size was not significantly different compared to control (n.s. not significant, n = 3). Scale bar 50 μm.
induction, deficient specification and/or survival of neural crest progenitors. TUNEL-staining to identify apoptotic cell death indeed revealed a strong increase in the number of apoptotic cells in the area of neural crest migration in both AP-2 dKO and in the AP-2β ΚΟ mutants (Fig. 4) . Increased cell death was not observed in premigratory NCC (not shown) and in primary SG (Fig. 4F '-H', N'-P'). In agreement with these results, the area of Sox10 + migrating NCC lateral to the neural tube was significantly reduced in E9.5 AP-2 dKO embryos (Fig. 4A, B and Q). The increased apoptosis of migrating NCC in AP-2β KO mice is not reflected by a decreased number of Sox10 + NCC, which may be explained by the restriction of the AP-2β effect to the low number of progenitors migrating to SG ( Fig. 4K-P', I, J and S) .
These findings not only provide an explanation for the reduced size of peripheral ganglia but also imply that AP-2β dependence is characteristic for a subpopulation of migratory NCC that ends up in SG and accounts for about half of the neuron population. We can exclude that it is the fraction of migrating AP-2β + /AP-2α -NCC that die in the absence of AP-2β because the number of TUNEL + cells in the AP-2β KO is significantly higher than the number of migrating AP-2β + /AP-2α -NCC in control mice at E9.5 (TUNEL + cells/Sox10 + area: 11.3 ± 2.2 ( Fig. 4T) ; AP-2β + /AP-2αcells/Sox10 + area: 3 ± 0.3; Student's t-test: **p b 0.01). The majority of sympathetic neurons (60%) as well as all sensory DRG neurons does not display a selective AP-2β dependence but requires either AP-2α or AP-2β during migration. These results did not distinguish, however, whether this dependence on either AP-2α or AP-2β is restricted to the migration phase or maintained during later development. It was also unclear whether the effect of the AP-2 dKO is due, at least in part, to indirect, non-cell autonomous effects of AP-2α/β elimination. To address these issues, AP-2α was conditionally eliminated in cells of the sympathetic neuron lineage of AP-2β KO mice.
The conditional AP-2α knockout in sympathetic progenitors and differentiated neurons of AP-2β KO mice demonstrates continued requirement of AP-2α/β for cell survival
To eliminate AP-2α in sympathetic neuron progenitors and differentiated noradrenergic neurons of AP-2β KO mice, AP-2β +/− /AP-2α fl/fl mice were crossed with the Ascl1Cre (Battiste et al., 2007) and DBHiCre (Parlato et al., 2007; Stanke et al., 2006) mouse lines, respectively. In the conditional double knockout AP-2β KO /AP-2α Ascl1Cre embryos, AP-2α is expected to be deleted in the sympathoadrenal lineage from E10 onwards (Battiste et al., 2007) . Indeed, AP-2α immunoreactivity was barely detectable at E11.5 in SG of AP-2α Ascl1 embryos (Figs. S4C-E', F). SG size was significantly smaller in E13.5 conditional double knockout AP-2β KO /AP-2α Ascl1Cre embryos (33.7 ± 1.2% of controls) ( Fig. 5G-L', N) as compared to the single knockout AP-2β KO embryos (55.1 ± 2.9% of controls; Fig. 3G -L', T). Only rudimentary SG are present in postnatal AP-2β KO /AP-2α Ascl1Cre mice as compared to AP-2β +/+ /AP- Fig. 4 . AP-2 dKO and AP-2β KO mutant mice show a significant increase in cell death of E9.5 migrating neural crest cells. The number of apoptotic cells in migrating NCC was analyzed by TUNEL and referred to the area of Sox10 + cells determined in parallel sections. The number of NCC is reduced in E9.5 AP-2 dKO mice as reflected by the reduced expression area of Sox10 (A, B) . The number of TUNEL + cells is increased in the AP-2 dKO mutants (C-H', magnification designated by the black dotted rectangle in A, B). The quantification of the Sox10-expression and TUNEL is shown in (Q) and (R). NCC determined by the Sox10 expression area are not affected in E9.5 AP-2β KO mice (I, J). The number of TUNEL + cells is increased in the AP-2β KO mutants (K-P', magnification indicated by the black dotted rectangle in I, J). Quantification of the Sox10-expression and TUNEL is shown in (S) and (T). (*p ≤ 0.05, ***p ≤ 0.001, n = 3, n.s. not significant). Scale bar 50 μm. Fig. 5 . Sympathetic ganglion size is further decreased in AP-2β KO /AP-2a Ascl1Cre as compared to AP-2β KO mice. SG size is reduced in E10.5 and E13.5 conditional AP-2β KO /AP-2α Ascl1Cre knockout mice (grey arrowheads) compared to controls (black arrowheads) as reflected by the reduced expression areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 (A-L). The areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 at E10.5 and E13.5 are quantified in (M, N). SG size values were significantly different compared to controls (*p ≤ 0.05, **p ≤ 0.01, n = 3) and were significantly smaller in E13.5 AP-2β KO /AP-2α Ascl1Cre embryos as compared to the AP-2β KO embryos (Fig. 3) . Scale 50 μm. Fig. 6 . AP-2α/β are required for the maintenance of differentiated sympathetic neurons as shown by the analysis of AP-2β KO /AP-2α DBHiCre mice. SG size is reduced in E13.5 and E16.5 conditional AP-2β KO /AP-2α DBHiCre knockout mutant mice (grey arrowheads) compared to controls (black arrowheads) as reflected by the reduced expression areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 (A-L'). The areas of TH, DBH, Phox2b, Gata3, Hand2 and SCG10 at E13.5 and E16.5 are quantified in (M, N). SG size values were significantly different compared to controls (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 (at least three embryos were analyzed, except for E13.5 Gata3 and Hand2 expression, n = 2). SG size was significantly smaller in E16.5 AP-2β KO /AP-2α DBHiCre embryos as compared to the AP-2β KO embryos (Fig. 3) . Scale bar 50 μm.
2α Ascl1Cre (Figs. S4A and B) , AP-2β +/− /AP-2α Ascl1Cre mutants and wildtype mice (not shown).
Thus, AP-2α and AP-2β are required not only for the survival of neural crest progenitors but also for neuron progenitors in developing SG. This requirement is maintained in differentiated, DBH-expressing sympathetic neurons, as shown by the reduced size of SG in the conditional double knockout AP-2β KO /AP-2α DBHiCre (Fig. 6 ). In these embryos AP-2α is deleted in DBH-expressing neurons, which results at E16.5 in significantly smaller ganglia (35.6 ± 0.8% of controls; Fig. 6G-L', N) as compared to the AP-2β single knockout (59.4 ± 1.7% of controls; Fig. 3M-R', U) . It should be pointed out that no selective effect on TH and DBH expression were apparent in both conditional double knockouts which argues against an in vivo function of AP-2α/β in the control of noradrenergic differentiation at the developmental stages investigated.
Thus, AP-2α and AP-2β are required not only for the specification and survival of subtypes of neural crest progenitors that develop into sympathetic and sensory neurons (zebrafish and present data) but are also essential for differentiated noradrenergic sympathetic neurons. Interestingly, neuron numbers are significantly reduced only several days after the deletion of AP-2α. This is not due to a low efficiency of the Cre recombinase at the AP-2α loxP sites, nor caused by a low turnover of the AP-2β protein (Figs. S4C-E', F) .
To address the cellular mechanisms that are responsible for the decreased ganglion size in the conditional AP-2α/β double knockouts, proliferation and apoptosis were analyzed at E13.5 for AP-2β KO /AP-2α Acsl1Cre and E14.5 for AP-2β KO /AP-2α DBHiCre (Fig. 7) . These stages were chosen as significant sympathetic neuron proliferation still occurs at these stages (Potzner et al., 2010) and AP-2α is eliminated as shown for AP-2α Ascl1Cre and is expected from the efficiency of DBHiCre .
Conditional AP-2 dKO mutants lead to increased apoptosis and reduced number of proliferating cells Proliferating cells in SG were identified by double-staining for Ki67 and Tuj1 and apoptotic cells were identified by TUNEL-staining. For quantification, the number of Ki67 + and TUNEL + cells was related to the ganglion area defined by Phox2b, which is expressed in progenitors and proliferating immature neurons. The elimination of AP-2α in AP-2β KO sympathetic progenitors by Ascl1Cre lead to increased apoptosis ( Fig. 7A-D' , I) and a reduced number of proliferating cells at D', N, N' ). The number of TUNEL + cells is increased in the AP-2β KO /AP-2α Ascl1Cre mutants at E13.5 (A-D') and in the AP-2β KO /AP-2α DBHiCre mutants (K'-N') at E14.5. SG size is reduced in E 14.5 conditional AP-2β KO /AP-2α DBHiCre mutant mice compared to controls as reflected by the reduced expression area of Phox2b (N, N', R, R',S). The quantification of the proliferation and TUNEL is shown in (J, U) and (I, T) respectively. (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, n = 3, n.s. not significant (n = 3 for all quantifications)). Scale bar 50 μm.
E13.5 ( Fig. 7E-H', J) as compared to AP-2β KO . TUNEL + cells were also increased in the AP-2β KO /AP-2α DBHiCre conditional double knockout embryos ( Fig. 7K-N' , T) when compared to AP-2β KO , however with no significant reduction in proliferating cells ( Fig. 7O-R', U) . The effects on proliferating cells may not have reached significance since neurogenesis is already decreasing at E14.5, which may lead to higher variation in both controls and knockouts. We conclude that AP-2α is required in AP-2β-deficient embryos for survival of sympathetic neurons and suggest that this function may be fulfilled by both AP-2α and AP-2β during normal development. Taken together, our in vivo analysis of AP-2β and AP-2α functions in developing sympathetic and sensory ganglia demonstrates a major role of AP-2 transcription factors in cell survival.
AP-2β is required for the generation of central noradrenergic neurons of the Locus coeruleus
The effects of AP-2β in the control of cell survival in the sympathetic neuron lineage raised the question whether AP-2β may display similar or different functions during development of noradrenergic LC neurons. The finding that the LC in E13.5 AP-2β KO embryos is not only devoid of TH and DBH expression but also Phox2a + cells (Fig. 8) demonstrates that LC neurons are absent. Thus, impaired specification and/or survival of LC progenitors may account for the absence of TH and DBH expression (Hong et al., 2008) . The finding that only a subpopulation of TH + LC cells is immunoreactive for AP-2β at E13.5 (not shown) also argues against a role for AP-2β in noradrenergic differentiation.
AP-2β is not sufficient to increase noradrenergic differentiation in progenitors of chick parasympathetic ciliary and sympathetic neurons
During development, parasympathetic neurons transiently express noradrenergic characteristics (TH, DBH) before they acquire their final cholinergic transmitter phenotype (Leblanc and Landis, 1989; Müller and Rohrer, 2002) . The transient noradrenergic gene expression in parasympathetic ganglia as compared to the maintained expression in SG correlates with the selective expression of Hand2, Gata3 and AP-2β in SG (Müller and Rohrer, 2002) (Fig. S5) . A function of these transcriptions factors in the maintenance of noradrenergic differentiation has been confirmed for Hand2 by loss-and gain-offunction experiments in SG and CG, respectively (Müller and Rohrer, 2002; Schmidt et al., 2009) . Here, we investigated whether overexpression of AP-2β in parasympathetic CG would also increase and sustain noradrenergic differentiation. However, neither TH, DBH nor Hand2 was significantly increased after ectopic expression of AP-2β in chick CG neurons (Fig. 9) .
Ectopic expression of BMPs and downstream transcription factors Phox2b and Hand2 in trunk neural crest progenitors induce the generation of TH + and DBH + neurons in SG and peripheral nerve (Howard et al., 2000; Patzke et al., 2001; Reissmann et al., 1996; Stanke et al., 1999; Tsarovina et al., 2008) . In contrast, forced expression of AP-2β by infection of chick trunk neural crest with RCAS-AP-2ß did not generate additional noradrenergic neurons in SG neurons (Fig. S6) and did not induce the ectopic production of autonomic neurons in peripheral nerve (not shown). These results argue against a role of AP-2β in the induction and/or maintenance of TH and DBH in developing autonomic nervous system.
Discussion
The differentiation of sympathetic and parasympathetic neurons is initiated by BMPs after migrating neural crest progenitors have aggregated to ganglion primordia. BMP signaling induces the sequential expression of a group of cross-regulating transcription factors that finally lead to terminal differentiation. Although BMPs are sufficient to elicit the development of autonomic neurons from NCC in DRG and peripheral nerve (Müller and Rohrer, 2002; Patzke et al., 2001; Reissmann et al., 1996; Tsarovina et al., 2008) , there is evidence to suggest that BMPs may act during normal development on neural crest progenitors that are prespecified towards a sympathetic or parasympathetic neuron fate (Kasemeier-Kulesa et al., 2010; Krispin et al., 2010; Müller and Rohrer, 2002) . Here, we investigated the function of AP-2β as candidate transcriptional regulator that may participate in the prespecification to a sympathetic neuron fate. We found that AP-2β is essential for the development of about 40% of sympathetic neurons by controlling the survival of a subpopulation of migrating NCC. The role of AP-2 transcription factors in cell survival is not restricted to migrating progenitors but maintained up to the differentiated stage. We also show that the generation of central nervous system (CNS) noradrenergic LC neurons also depends on AP-2β. In contrast to the effects of AP-2 transcription factors at the TH and DBH promoter previously observed in vitro (Greco et al., 1995; Kim et al., 2001; Yang et al., 1998) , TH and DBH expression was not affected by in vivo elimination or overexpression of AP-2β. Thus, AP-2 transcription factors control survival rather than differentiation in the sympathetic neuron lineage.
There is increasing evidence that the different neural crest derivatives are already prespecified in migratory neural crest. This is suggested by in vivo cell lineage analysis Fraser, 1988, 1989; Frank and Sanes, 1991; Krispin et al., 2010; Perez et al., 1999; Zirlinger et al., 2002) and the demonstration of rapid cell fate restriction in neural crest cultures (Henion and Weston, 1997) , which is reflected by the selective expression of trkC and c-kit in migrating NCC committed to neuronal and melanocyte fates, respectively (Luo et al., 2003) . In addition, neurogenin2 expressing cells have a strong bias to acquire a sensory rather than sympathetic neuron fate (Zirlinger et al., 2002) . Although autonomic neuron progenitors are characterized by their early emigration from the neural tube (Frank and Sanes, 1991; Krispin et al., 2010) there has been no marker for these cells. In the chick embryo, a subpopulation of migrating NCC has recently been identified that is attracted to the sites of SG formation by the selective expression of the chemokine receptor CXCR4 (Kasemeier-Kulesa et al., 2010) . The present demonstration that AP-2β elimination selectively affects sympathetic but not sensory neuron development, suggests that AP-2β dependence may characterize NCC biased to migrate to the sites of SG formation, which may be considered as prespecified towards a sympathetic neuron fate. However, as our analysis is restricted to trunk sensory and sympathetic neuron fates it remains to be shown whether the progeny of AP-2β dependent NCC includes additional derivatives not analyzed in the present study.
Why are only half of the sympathetic neurons affected in the AP-2β knockout? The limited effect of the AP-2β KO , as well as of Insm1 and Ascl1 knockouts may be explained by assuming that progenitors depend on these factors only during a short time window, so that not all sympathetic progenitors are lost in the knockouts (Pattyn et al., 2006; Wildner et al., 2008) . Partial redundancy between AP-2α and AP-2β such that the loss of AP-2β can be compensated to some extent by residual AP-2α would also explain the result. The most interesting explanation that SG are populated by distinct populations of AP-2βdependent and AP-2β-independent progenitors is supported by the finding that sympathetic neurons are generated from both CXCR4 + and CXCR4 − neural crest progenitors in the chick embryo (Kasemeier-Kulesa et al., 2010) .
Notably, the AP-2β KO mice still exhibit active neurogenesis in the SG, peaking at E12.5 and continuing until at least E16.5 (Morikawa et al., 2009; Potzner et al., 2010) , which is reflected by the enduring increase in ganglion size. Nevertheless, this process fails to compensate for the initial loss. This is in agreement with the model that neurogenesis in SG proceeds in two steps: i) differentiation of sympathetic progenitors to immature neurons, which occurs only during a short period during initial ganglion development (Tsarovina et al., 2008) and ii) subsequent proliferation of immature, but already differentiated neurons, which accounts for the majority of sympathetic neurons generated (Potzner et al., 2010; Rohrer and Thoenen, 1987) . The early loss of neuron progenitors is neither compensated in Ascl1-and Insm1deficient SG (Morikawa et al., 2009; Pattyn et al., 2006; Wildner et al., 2008) , whereas the reduced proliferation in Sox11-deficient SG can be compensated during later development (Potzner et al., 2010) . Thus, it seems that the small number of immature neurons initially generated in primary SG is committing the final neuron number, before the onset of target-dependent pruning of neuron numbers.
What is the cause for the apoptotic death of migratory NCC in AP-2β KO and AP-2 dKO embryos? Although apoptotic cell death is associated with the defects in neural tube, heart, body wall and craniofacial structures in AP-2α KO mutant mice (Schorle et al., 1996; Zhang et al., 1996) , the polycystic kidney disease in AP-2β KO mice (Moser et al., 1997a) and the impaired development of neural crest derivatives in zebrafish AP-2α mutants montblanc and low (Arduini et al., 2009; Barrallo-Gimeno et al., 2004; Knight et al., 2003) the underlying mechanism is not fully understood. The absence of AP-2α in zebrafish mutants leads to apoptotic cell death before the onset of differentiation but it is not known whether cell death is directly controlled by AP-2α or secondary to impaired subtype specification (Arduini et al., 2009; Barrallo-Gimeno et al., 2004; Knight et al., 2003) . The regulation of early marker genes for melanocytes and chondrogenic neural crest by AP-2α (Barrallo-Gimeno et al., 2004; Knight et al., 2003) , together with effect on SoxE gene expression by AP-2α and Foxd3 during early neural crest specification (Arduini et al., 2009 ) is compatible with a primary role for AP-2α in specification of neural crest derivatives. On the other hand, there is evidence that the expression of anti-apoptotic proteins may be regulated by AP-2α (Decary et al., 2002) and AP-2β proteins (Moser et al., 1997a) .
We now observed impaired survival not only of migrating neural crest progenitors but also differentiated noradrenergic neurons. In addition, we did not find effects on the expression of sympathetic progenitors markers (Phox2b, Hand2, Gata3), which argues against a function in the initial differentiation. Thus, the most parsimonious interpretation would be that AP-2β and AP-2α participate in cell survival mechanisms that are active in both NCC and their derivatives in the SG, progenitors and noradrenergic neurons. Direct effects on cell survival seem more likely since the survival effects in DBHexpressing sympathetic neurons cannot be explained by impaired specification. However, more complex scenarios that involve different mechanisms at different developmental time points are also compatible with the results. In particular, the delayed cell death upon AP-2α elimination by DBHiCre can only be explained by the AP-2α-dependent regulation of components of survival pathways that become important after AP-2α expression is already downregulated, with AP-2α/βdependent regulation of trkA expression or transport as most straightforward possibilities (Sacristan et al., 1999; Vaegter et al., 2011) .
AP-2α and AP-2β bind to the promotor of TH and DBH genes and transactivate TH and DBH promotor reporter constructs in vitro (Greco et al., 1995; Kim et al., 2001; Yang et al., 1998) . As no selective effects on TH and DBH expression were observed in the AP-2β knockout and conditional AP-2α knockouts in AP-2β KO mice, the transcriptional regulation of TH and DBH expression seems not to depend on AP-2 transcription factors during the developmental stages analyzed. Also in gain-of-function experiments AP-2β was not able to increase the expression of TH, DBH and Hand2 in parasympathetic CG and induce noradrenergic gene expression in trunk neural crest progenitors. However, we cannot exclude effects on the expression levels of TH and DBH per neuron (Hong et al., 2008) or a later function for AP-2β in mature noradrenergic neuron populations that are not generated in the absence of AP-2β, i.e. the AP-2β-dependent sympathetic neuron population and LC neurons in the CNS.
In conclusion, we demonstrate the following distinct and overlapping roles for AP-2α and AP-2β in trunk neural crest: AP-2β is essential for the development of a subpopulation of migrating progenitors with a bias for sympathetic neuron generation. AP-2β is also required for the generation of noradrenergic LC neurons. Either AP-2α or AP-2β is necessary in trunk migratory neural crest for the specification and/or survival of progenitors for sympathetic and sensory DRG neurons. The dependence on either AP-2α or AP-2β for cell survival is maintained by differentiated DBH-expressing sympathetic neurons. AP-2α/β are not necessary in vivo for the onset and maintenance of noradrenergic differentiation and AP-2β is not sufficient to induce in vivo TH and DBH expression in parasympathetic and sympathetic progenitors.
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